In this chapter, cardiac function is discussed in the context of the healthy heart as part of a system. Anatomy and physiology will be described for each scale, starting with the organ level, and continuing to tissue and cell scales. For each scale, we'll have a closer look at both electrical and mechanical function.
Organ Level

Gross anatomy
The primary function of the heart is to pump blood through the circulatory system. In fact, the heart consists of two pumps, located side-by-side, one on the left, and one on the right. Both sides contain an atrium and a ventricle. The heart is surrounded by the pericardium: a thin protecting membrane of connective tissue. The right atrium (RA) collects venous blood that returns to the heart from the rest of the body, while the left atrium (LA) collects blood that returns from the lungs. In addition, both atria facilitate filling of the ventricles. The inter-atrial septum separates the LA and the RA. The tricuspid valve separates the right atrium from the right ventricle (RV).
The RV is crescent-shaped in cross-section, wrapped partially around the (ellipsoid-shaped) left ventricle (LV). The mitral valve separates the left atrium from the left ventricle. The interventricular septum, which anatomically belongs to the LV, separates the LV and RV and can transmit forces from one to the other. The surfaces of the LV and RV cavities are called the endocardium; the outer surface of the heart is called the epicardium, while the middle layers of the ventricles are referred to as myocardium (the cardiac muscle). The RV is connected to the pulmonary artery through the pulmonary valve. The RV maintains the pulmonary circulation, where blood receives oxygen and disposes of carbon dioxide in the lungs. The LV is connected to the aorta through the aortic valve. The LV maintains the systemic circulation, where blood delivers oxygen and nutrients to the rest of the body and receives carbon dioxide and waste products. The contracting cardiac walls pump blood through the (lower pressurized) pulmonary and (higher pressurized) systemic circulation, hence the wall of the RV is thinner and less powerful than that of the LV. 
Global heart function
From the opened or closed states of the valves, four cardiac phases can be distinguished for the ventricles (the isovolumic relaxation and filling phases, which together constitute diastole, and the isovolumic contraction and ejection phases that comprise systole). A single cardiac cycle in the normal human LV at rest is summarized in Fig. 2 with typical orders of magnitude for time and cavity pressure. During the filling phase, the mitral valve is open and the aortic valve is closed. About 500 ms after the mitral valve opens, active myofiber stress (force per unit area) in the LV wall increases the pressure in both ventricles and closes the atrioventricular valves (~1.5 kPa, ~11 mmHg). Now, all valves are closed and the isovolumic contraction phase is entered. LV pressure rises quickly during isovolumic systole (~50 ms) and when it exceeds aortic pressure (~10 kPa, ~75 mmHg) the aortic valve opens and blood is ejected into the aorta during the ejection phase (reaching a maximum pressure of ~16 kPa or ~120 mmHg). After ~250 ms, LV pressure becomes low enough and reversal of the transmitral pressure gradient closes the aortic valve (with no need for backflow or regurgitation) and isovolumic relaxation begins (~ 80 ms).
When LV pressure drops below left atrial pressure (~0 kPa), the cycle starts over again with the rapid early filling phase. Diastolic pressures for the RV are in the same order of LV pressures, while systolic pressures are typically 20-25% as large. Additional insight can be gained from so-called pressure-volume loops, as described in chapter X
[OMENS].
Figure 2
The relation between pressure and ventricular outflow is determined by the interaction between the RV and LV with the pulmonary and systemic circulation, respectively. Major determinants from the cardiac side are contractile stress generation in the cardiac walls (contractility), heart rate and the amount of ventricular filling (preload). The latter relates to the fact that the heart is able to generate higher systolic pressures as a function of increasing end-diastolic volumes, known as the Frank-Starling mechanism. From the circulation side, major determinants are the inertia of the blood; aortic valve resistance; arterial compliance, representing the extensibility of the major arteries and peripheral resistance, and the resistance to flow encountered by the blood as it flows from the major arteries to the capillaries.
The heart as part of a system
The sinoatrial (SA) node (Sec. 2.2), located in the right atrium, is the heart's own natural pacemaker. Resting heart rates vary with species, gender and age. However, heart rate is under autonomic control by sympathetic and parasympathetic nerves, which increase and decrease heart rate, respectively. The heart is part of an integrated system which compensates for a fall in blood pressure as a result of exercise (due to decreased arteriolar resistance in skeletal muscles), blood loss 1 , and also during heart failure 2 . Decreased blood pressures in the aorta and carotids will stimulate the baroreceptors in those vessels. That will increase sympathetic stimulation on the heart, which in its turn will increase beating frequency and contractility and hence increase total cardiac output in liter/minute. Water and salt will be retained in the kidneys to increase total blood volume and therefore preload, and blood supply will be redistributed throughout the body.
Tissue Level
Fiber and sheet architecture
The myocardium is largely composed of a few billion cardiac muscle cells (known as myocytes or myofibers), which have a complex three-dimensional architecture 3 . Although the myocytes are relatively short, they are rod-shaped and connected such that at any point in the normal heart wall there is a clear predominant muscle fiber direction. Each ventricular myocyte is connected via gap junctions at intercalated disks to an average of 11.3 neighbors, 5.3 on the sides and 6.0 at the ends 4 . About the mean, myofiber angle dispersion is typically 10-15° 5 except in certain pathologies. Similar patterns have been described for various mammals, from humans to rats. In the human or dog left ventricle, the muscle fiber angle typically varies continuously from about -60° (i.e. 60° clockwise from the circumferential direction) at the epicardium to about +70° at the endocardium. The rate of change of fiber angle is usually greatest at the epicardium, so that circumferential (0°) fibers are found in the outer half of the wall. Figure 3 shows the direction of myofibers in the rabbit heart.
Figure 3
Furthermore, cardiac myofibers are organized into laminar sheets about four-six cells thick 6 . Sheets are extensive cleavage planes running approximately radially from endocardium toward epicardium in transmural section. Like the fibers, the sheets also have a branching pattern with the number of branches varying considerably through the wall thickness.
Myofiber orientations have been reconstructed from histological measurements [7] [8] [9] and diffusion weighted MRI 10, 11 . Sheet orientations also have been obtained by histological measurements 12 , but there is recent evidence that sheets can also be measured with diffusion weighted MRI 13 . It has been shown 14 that the distributions of sheet orientations measured within the left ventricular wall of the dog heart coincided closely with those predicted from observed three-dimensional wall strains (regional length change) using the assumption that laminae are oriented in planes that contain the muscle fibers and maximize interlaminar shearing. This assumption also leads to the conclusion that two families of sheet orientations may be expected. Indeed, a retrospective analysis of the histology supported this prediction and more recent observations confirm the presence of two distinct populations of sheet plane in the inner half of the ventricular wall 14 .
Electrical propagation
The electrocardiogram (ECG or EKG) is a recording of electrical differences in the heart, measured by electrodes on the body surface (figure 2). Einthoven was the first to measure the ECG accurately at the beginning of the twentieth century.
In a normal heart, an electrical wave starts in the sinoatrial node by spontaneous depolarization. This node is a cluster of modified myocytes located at the endocardium of the right atrium. The resulting depolarization wave
propagates over neighboring cells, thus depolarizing the atria. This is reflected by the P-wave in the ECG. The Purkinje system ends in the Purkinje-muscular junctions. Here, the depolarization wave enters the ventricular myocardium. In the ECG, the period between the P-wave and the time of ventricular myocardial depolarization, is referred to as the P-R interval, reflecting the time between atrial and ventricular activation. In the myocardium, propagation is much slower 16 , where the wave propagates mainly from endocardium to epicardium. In the ECG, ventricular activation is reflected by the QRS complex. Myocardial propagation velocities of 0.6-1.0 m/s and 0.2-0.5 m/s have been reported parallel and perpendicular to myofibers [16] [17] [18] . From the moment of leaving the Purkinje fibers, the whole human ventricular myocardium is depolarized within ~50 ms 19 , which is reflected by the narrow QRS width. Since it takes cells at the endocardium longer to repolarize (going back to the electrical reststate) compared with epicardial cells, repolarization occurs in the opposite direction -from epicardium to endocardium. This is reflected by an upward T-wave in the ECG, because electrical gradients in the tissue have the same direction during repolarization as during depolarization.
Electrical propagation in myocardium can be modeled with computer simulations, in which the action potential within a cell is predicted by sets of differential equations. Difficulty in solving for the spread of activation arises from the inherent nonlinearity and geometrical complexity of cardiac tissue. The finite element method can be used to discretize the irregular shape of the heart into a number of smaller regular elements, over which the spatially varying transmembrane potential is continuously approximated (Fig. 4) . The geometry, local muscle fiber orientation and material properties (e.g. tissue resistance) of the myocardium are interpolated. The resulting system of equations is solved to give model predictions of electrical activation in a portion the heart.
Figure 4
With a two-dimensional computer model of cardiac electromechanics, it has been shown that contraction affects the ECG (a result of mechano-electrical feedback, see Sec. 3.4): the ECG exhibited a shorter QT-interval when contraction was included in the simulation as opposed to computing electrophysiology only. In this model, the heart was embedded in a torso model, which enabled the calculation of an ECG.
Using another computer model, Hooks and colleagues 20 have shown that different conductivities result locally in 3 perpendicular directions (orthotropy) from sheet structure as opposed to different conductivities parallel and transverse to the myofiber (transverse isotropy). Whether this is of significant importance has been questioned by another simulation study 21 .
Passive mechanical properties
Stress in the intact heart cannot be measured directly. Therefore stress values are calculated from mathematical models (using for example the finite element method, as mentioned in Sec. 2.2 for electrical propagation, but now to solve biomechanics equations). Generally, total stress in the heart can be considered the sum of passive stress, when the tissue is still at rest, and active stress generated by the myocytes after depolarization (see Sec. 3.3). Since, by the Frank-Starling mechanism, end-diastolic volume directly affects systolic ventricular work, the mechanics of resting myocardium have fundamental physiological significance. Most biomechanical studies of passive myocardial properties have been conducted in isolated, arrested whole heart or tissue preparations.
Passive cardiac muscle exhibits most of the mechanical properties characteristic of soft tissues in general 22 . Intact cardiac muscle experiences finite deformations during the normal cardiac cycle, with maximum strains (which are generally radial and endocardial) that may easily exceed 0.5 in magnitude.
Figure 5
Although various preparations have been used to study resting myocardial elasticity, the most detailed and complete information has come from biaxial and multiaxial tests of isolated sheets of cardiac tissue, mainly from the dog [23] [24] [25] . These experiments have shown that the arrested myocardium exhibits significant anisotropy with substantially greater stiffness in the muscle fiber direction than transversely (Fig. 5) . In equibiaxial tests of muscle sheets cut from planes parallel to the ventricular wall, fiber stress was greater than the transverse stress by an average factor of close to 2.0 26 . Moreover, as suggested by the structural organization of the myocardium, sheet structure seems to be more important for mechanics than for electrophysiology 27 . Strain distributions were in better agreement with experiments when orthotropic passive properties were included in a computer model of cardiac mechanics as opposed to transversely isotropic properties 28 .
The biaxial stress-strain properties of passive myocardium display some heterogeneity in the cardiac walls 29 .
Tissue specimens in the dog from the inner and outer thirds of the left ventricular free wall were stiffer than those from the midwall and interventricular septum, but the degree of anisotropy was similar in each region. Biaxial testing of the pericardium and epicardium have shown that these tissues have distinctly different properties than the myocardium being very compliant and isotropic at low biaxial strains (<0.1-0.15) but rapidly becoming very stiff and anisotropic as the strain is increased 24, 30 .
Various constitutive models have been proposed for the elasticity of passive cardiac tissues. Because of the large deformations and nonlinearity of these materials, the most useful framework has been provided by the pseudostrain-energy formulation for hyperelasticity. For a detailed review of the material properties of passive myocardium and approaches to constitutive modeling, the reader is referred to chapters 1-6 of Glass et al. 31 . In hyperelasticity, the components of the stress are obtained from a strain energy W as a function of the Lagrangian (Green's) strain components.
The myocardium is generally assumed to be an incompressible material, which is a good approximation in the isolated tissue, although in the intact heart there can be significant redistribution of tissue volume associated with phasic changes in regional coronary blood volume.
Cell Level
Anatomy
Myocytes are approximately rod-shaped with a length of ~100 µm and a diameter of ~25 µm. They contain numerous myofibrils, which are long cylindrical organelles, composed of regular three-dimensional arrays of thick (myosin) and thin (actin) myofilaments (Fig. 6) . Neighboring myofibrils have their sarcomeres aligned, which gives myofibers a striated appearance. The sarcomere is considered to be the basic contractile unit of cardiac and skeletal muscle. Myofibrils and mitochondria (the cell's energy providers) make up almost 85% of the myocyte volume 2 .
Figure 6
Electrophysiology
During diastole, a negative resting electrical potential of about -80 milliVolt exists in the cell (Fig. 2) . This is caused by a gradient of different ions (e.g. K + , Ca 2+ , Na + ) inside and outside the cell. There is more potassium (K + )
within than outside the cell and more calcium (Ca 2+ ) and sodium (Na + ) present extracellular than intracellular. An action potential is generated in a resting myocyte when the polarity over the cell membrane changes from negative to positive (depolarization), caused by adjacent depolarizing cells.
A large inward current of sodium is responsible for the initial upstroke of the transmembrane action potential.
(See the endocardial and epicardial action potentials in Fig. 2) . Next, calcium enters the cell through L-type calcium channels, located in the cell's outer membrane, which contributes to the action potential plateau 32 . Calcium entry triggers calcium release through the ryanodine receptors in the membrane of the sarcoplasmatic reticulum (which stores most of the intracellular calcium). The combination of calcium influx and release raises the calcium concentration in the cell's myoplasm, allowing it to bind to the regulatory protein troponin C, located on the actin filament. The resulting conformational change of the regulatory proteins tropomyosin and troponin on the actin filament exposes myosin-binding sites. A force-generating bond between actin and myosin, a crossbridge, is formed when myosin heads attach to the actin binding sites. Depending on the loading of the myocyte, actin filaments slide along the myosin filaments, causing shortening of the sarcomere (see Fig. 6 and see Sec. 3.3).
Intracellular calcium also triggers calcium-activated potassium channels that generate outward potassium currents. Together with voltage-activated potassium channels, these will end the action potential. Pumps and exchangers actively restore concentrations of ions during diastole.
Based on electrophysiological characterization, the presence of three different subtypes of working myocardial cells in the ventricular walls have been suggested, named after their location in the myocardium:
endocardial (closest to the cavity), midmyocardial (or just simply M), and epicardial (closest to the outer surface of the heart) cells 33, 34 . These cells produce action potentials of different shape and length (Fig. 2) , due to different expressions of ion channels, different calcium fluxes 35, 36 , and hence different active mechanical behavior 36 .
Midmyocardial cells exhibit the longest action potentials, while epicardial cells exhibit the shortest.
However, in intact tissue, transmural differences in for example action potentials are much smaller due to electrotonic coupling 37 .
With a numerical tissue model of cardiac electrophysiology it has been shown that electrotonic coupling has a diminishing effect on heterogeneity in the intact myocardium which strongly depends on how strongly cells are coupled with each other 38 . Coupled, epicardial cells still exhibit the shortest action potentials, but now the endocardial cells exhibit the longest (see also Sec. 2.2).
Active mechanical properties
The amount of active stress generated depends on the length of the sarcomere and on the amount of calcium in the cell (Fig. 7) . The relationship between free calcium concentration and isometric muscle tension has mostly been investigated in muscle preparations in which the outer cell membrane has been chemically permeabilized.
Because there is evidence that this chemical "skinning" alters the calcium sensitivity of myofilament interaction, recent studies have also investigated myofilament calcium sensitivity in intact muscles tetanized by high frequency stimulation in the presence of a compound such as ryanodine that open calcium release sites in the sarcoplasmic reticulum. Intracellular calcium concentration was estimated using calcium-sensitive optical indicators such as Fura.
The myofilaments are activated in a graded manner by small concentrations of calcium, which binds to troponin-C according to a sigmoidal relation 39 . Half-maximal tension in cardiac muscle is developed at intracellular calcium concentrations of 10 -6 to 10 -5 M depending on factors such as species and temperature 40 .
Figure 7
In the normal heart, sarcomere lengths range from 1.6 µm (generating zero active stress) to 2.4 µm (generating maximum active stress). This is the basis for the Frank-Starling mechanism. Early evidence for a negative dependence of cardiac muscle isometric stress on length at higher sarcomere lengths was found to be caused by shortening in the central region of the isolated muscle at the expense of stretching at the damaged ends where specimen was attached to the test apparatus. If muscle length is controlled so that sarcomere length in the undamaged part of the muscle is indeed constant, or if the developed tension is plotted against the instantaneous sarcomere length rather than the muscle length, the negative dependence is eliminated 41 .
The isotonic force-velocity relation of cardiac muscle is similar to that of skeletal muscle, and A.V. Hill's well-known hyperbolic relation is a good approximation except at larger forces greater than about 85% of the isometric value. The maximal (unloaded) velocity of shortening is essentially independent of preload, but does change with time during the cardiac twitch. De Tombe and colleagues 42 using sarcomere length-controlled isovelocity release experiments found that viscous forces imposes a significant internal load opposing sarcomere shortening. If the isotonic shortening response is adjusted for the effects of passive viscoelasticity, the underlying cross-bridge force-velocity relation is found to be linear.
In an interesting and important development, biaxial testing of ventricular myocardium has shown that developed active stress also has a large component in directions transverse to the mean myofiber axis that can exceed 50% of the axial fiber component 43 . The magnitude of this transverse active stress depended significantly on the biaxial loading conditions. Moreover, evidence from osmotic swelling and other studies suggests that transverse strain can affect contractile tension development along the fiber axis by altering distances between myofibrils 44 . The mechanisms of transverse active stress development remain unclear but two possible contributors are the geometry of the crossbridge head itself which is oriented oblique to the myofilament axis 45 , and the dispersion of myofiber orientation 5 . Strain distributions as computed by computer models of cardiac mechanics showed better agreement with experiments when this transverse active behavior was included [45, 47] , but the role of sheets here remains unclear. Sarcoplasmic reticulum calcium content was largest in epicardial cells and contributed to a faster time to peak.
Differences in active mechanical properties are caused partly by the different electrophysiological properties of these cells, but also partly by intrinsic differences in excitation-contraction coupling and mechano-electrical feedback.
Electromechanics
It has been known for over a hundred years that heart rhythm can be disturbed by mechanical chest impacts, possibly leading to sudden cardiac death. Thus, mechanics affect electrophysiology. Electrophysiology of the cell experiences feedback from mechanical alterations (mechano-electric feedback or MEF, 46, 47 ) through the dependence of myofilament calcium sensitivity on sarcomere length 48 , and through ion channels (chloride and potassium) that are activated when cells are stretched (stretch activated channels or SACs, 49 ). Stretch also alters calcium handling and action potential generation.
Kohl et al 50 have investigated the influence of strains on electrophysiology in the whole heart through stretch activated channels. In the latter study, a local region in the left ventricular wall with a higher compliance (aneurysm) generated a propagating action potential, showing that mechano-electric feedback can induce cardiac arrhythmias.
A computer model of electrophysiology of rabbit cell electrophysiology was recently extended to include transmurally varying SACs. The model predicted that endocardial and midmyocardial cells are the most sensitive to stretch-induced changes in action potential duration. Inclusion of a potassium SAC may reduce repolarization gradients in intact myocardium caused by intrinsic ion channel densities, nonuniform strains and electrotonic effects 51 . 
Figure legends
